In this article we investigated structural, electronic, elastic, and optical properties of TlN in three phases, using full potential linear augmented plane wave method in the density functional theory frame with WIEN2k code. The calculations have been done in the generalized Perdew-Burke-Ernzerhof generalized gradient approximation, the generalized Wu-Cohen gradient approximation, the generalized Perdew-Burke-Ernzerhof solid gradient approximation, local density approximation, and the modified Becke-Johnson approximations. In spite of the absence of any experimental data for TlN, our results are compared with other results achieved by other different approximations which shows a good agreement with them. The band gap for TlN in wurtzite and zinc-blende are obtained to be 0.07 and 0.09 eV within modified Becke-Johnson-local density approximation+spin-orbit approximation, respectively. The structural properties such as phase transitions, equilibrium lattice parameters, bulk modulus and its first pressure derivative were obtained using an optimization method. Moreover, we calculated quantities such as elastic constants, the Young modulus, shear modulus, the Poisson ratio, and sound velocities for longitudinal and transverse waves, the Debye temperature and the Kleinman parameters in different approximations and we show that TlN is softer than other nitrides of the III-group. The static calculations predicted that wurtzite to rock salt and zinc-blende to rock salt phase transitions occur at 14.7 GPa and 15.8, respectively. The optical properties of TlN in three phases, calculated in generalized gradient approximation and local density approximation and imaginary part of dielectric function show that TlN in wurtzite and zinc-blende phases have semiconductor properties but rock salt phase do not show. As well as, we investigate the influence of the hydrostatic pressure on the elastic parameters and energy band structures for TlN (zinc-blende) within local density approximation.
Introduction
In the last years, the III-group nitrides have been investigated widely because of their high temperature stability, very short bond lengths, low compressibility, and high thermal conductivity. These materials also have excellent properties such as wide band gaps and strong bond strength, therefore they can be used for violet, blue, and green light emitting apparatuses and high temperature transistors [1] [2] [3] .
However, up to our knowledge, thallium nitride (TlN) very little has been investigated. The band gap of the IIIgroup nitrides decreases from top to the bottom in element table so we expect that TlN has a small or even negative energy gap and shows a semi-metallic behavior [4] . So combinations of Tl with wide-gap III-nitrides yield interesting ternary alloys such as Al 1−x Tl x N [5] and Ga 1−x Tl x N [6] with great potential for infrared optical apparatuses. Experimental synthesis of TlN has not yet been reported. However, by total energy calculations from first-principles, the wurtzite phase has been found to be the ground state phase of TlN [7, 8] . The electronic structure and some of optical properties of wurtzite (WZ) and zinc-blende (ZB) TlN by da Silva et al. by using QP model and local density approximation (LDA) have been investigated [9] .
Recently, first-principle computations based on density functional theory (DFT) have developed the fundamental part of materials investigations. The density functional theory full potential linear augmented plane wave (FP-LAPW) method has been broadly recognized as a powerful method for computational solid-state researches. The calculation of various properties such as the structural, elastic, thermodynamical, optical and electronic properties for several compounds has been done by using the DFT method. These calculations provide a comprehensive knowledge about the different properties of materials and the chance to design new compounds for special applications [10] . Although there are three different phases of TlN, but no any complete study comparing TlN in these three phases has been performed. In this work, we investigated structural, electronic, elastic, and the optical properties of TlN in three phases. The calculation method was FP-LAPW with various approximations. Exchange-correlation functional and corresponding potential have an outstanding role in DFT based total energy calculations. The calculations were done using LDA, generalized gradient approximation (GGA) with spin-orbit (SO) and modified Becke-Johnson (mBJ) for exchange correlation functional.
Computational approach
In this work, we were applying FP-LAPW approach within the DFT framework, to obtain the structural, phase transition, elastic, thermodynamical, optical and electronic properties of TlN in three phases by using WIEN2k code [11] . We were applying to our calculation different approximations such as LDA, GGA: PerdewBurke-Ernzerhof (PBE) [12] , Wu-Cohen (WC) [13] , Perdew-Burke-Ernzerhof solid (PBEsol) [14] , and mBJ-GGA or mBJ-LDA [15] . The wave functions cut-off magnitude was chosen to be R MT K max = 8.5 for wurtzite and R MT K max = 8.0 for cubic phase (ZB and RS), in the interstitial spaces, where R MT denoted the smallest atomic muffin-tin sphere radius and K max denoted the largest K vector in the plane wave extension. The valence wave functions inside the muffin-tin spheres were expanded up to l max = 10, while the charge density was Fourier expanded up to G max = 12 (a.u.) −1 . The self-consistent calculations are considered to be converged when the total energy of the system is fixed within 10 −4 Ry. The integrals over the Brillouin zone are 1000 k-points in the irreducible Brillouin zone, using the Monkhorst-Pack special k-points method [16] 
Results and discussion

Structural properties
To appraise the structural properties of TlN in three phases, the total energies are assessed for various volumes environs of the equilibrium cell volume V 0 . The gained total energy is fitted to the Murnaghan equation of state [17] to assess the structural properties such as equilibrium lattice constant a and c, the bulk modulus B and its first pressure derivative B and E 0 . These equilibrium parameters are calculated using GGA (PBE, WC, and PBEsol) and LDA approximations, which are listed in Table I . Since there are not any experimental data for TlN, we compared our results with other theoretical results. According to Table I , we see that our results are inconsistent with the other results. Also, according to Table I , we can see that ground state of TlN must be in WZ phase like other the III-group nitrides because e 0 of wurtzite phase is less than other phase. 3.2. Phase transformations Commonly, the phase equilibrium transition pressure is acquired by calculating the total energy versus the volume (E-V ) curves of the two phases and then obtaining their common tangent. In zero temperature, we have calculated the enthalpy (H = E + P V ) of TlN corresponding to the transitions WZ to rock salt (RS) and ZB to RS structures. It was found that the transi-tion pressure of TlN from WZ to RS phase was 14.7, 10.52, 10.7, and 10 GPa, and from ZB to RS to be 15.815, 10.93, 11.6 and 11.05 GPa, using GGA (PBE), GGA (WC), GGA (PBEsol) and LDA approximations, respectively. The amounts of calculating phase transition pressures, listed in Table II , are consistent with others results. It is found that the phase transition pressures decrease with the increase of the atomic radius of the III-group elements. The transition pressure depends on the following factors: (a) the bulk modulus B 0 (the larger B 0 , the larger P t ) and (b) the difference in equilibrium volumes ∆V 0 for different phases (the larger ∆V 0 , the smaller P t ) [18] . According to Table II, our results in various approximations are less than the values obtained by Shi et al. [19] , which indicate that our results are more favorable than their results because as the atomic radius increases the pressure at which phase transition occurs should decrease [20] . 
Elastic properties
Elastic properties have an important role in obtaining beneficial information about the anisotropic nature of bindings, structural stability and binding properties among adjacent atomic planes [21] . Hence, we investigate the stability of TlN in WZ, ZB, and RS phases using four approximations. These elastic constants are calculated by cubic-elastic and hex-elastic as interfaced to the WIEN2k code [22] .
Elastic constant in WZ phase
Only five independent elastic constants (C 11 , C 12 , C 13 , C 33 , and C 55 ) are needed to be calculated for hexagonal structures. By using the calculated elastic constants, other structural properties such as bulk (B), shear (S) and Youngs (Y ) moduli and the dimensionless Poisson ratio ν (BSEν) are estimated, based on the Voigt, Reuss, and Hill approximations [23] [24] [25] .
For hexagonal structures, the elastic parameters are given by following equations:
where C ij and S ij are the elastic constants and elastic compliances, respectively. Since Voigt and Reuss approximations represent the upper and lower limits of BSEν properties [25] , therefore thermodynamical properties such as average sound velocity (v m ) which consists of the longitudinal (v l ) and transversal (v t ) sound velocities and Debye temperature (θ D ), are calculated using Hill approximation [25] :
where h is the Planck constant, k B is the Boltzmann constant, V a is the atomic volume and ρ is mass density of material.
Using first-principle calculations and calculated elastic constants, it is possible to evaluate technological important properties such as stiffness, hardness, brittle/ductility and the type of bonds for crystal structures.
A material behaves as a brittle (ductile) if the b S ratio is less (more) than 1.75 [26] . The sign of the Cauchy pressure (C 12 − C 55 ) can be used to predict the type of bonds. When that, the Cauchy pressure is negative (positive), covalent (ionic) bonds are dominating in materials [27] . As well as, the value of the Poisson ratio can be used to predict the type of bonds. Stiffness is the resistance to deformation forces. The Young modulus is ratio of stress and strain, and it is representative of the stiffness. It says that the value of the Young modulus (Y ) is greater, the material is the stiffer. Hardness is relevant to how much the material is resistant to the shape changes. There are two representatives for it: (1) bulk modulus, which is relevant to the resistance against the volume changes and (2) shear modulus, which is relevant to the resistance against the reversible deformations. Hence, it is clear that shear modulus can be a better predictor for hardness [26] . Elastic constants obtained for TlN are summarized in Table III , and the results are in good agreement with the result of the other researchers. To our knowledge, there exist no any experimental and theoretical data for some physical quantities of TlN. We hope that our result provides a useful reference for future experimental and theoretical studies. According to our results, the amount of BH SH for different approximations are equal to 2.44 (GGA (PBE)), 2.98 (GGA (WC)), 2.95 (GGA (PBEsol)), and 3.09 (LDA) which shows that TlN in WZ phase is a ductile material, but LDA predicts that TlN is more ductile than GGA approximations.
Our Cauchy pressure (C 12 − C 55 > 0) within GGA and LDA predicts that for TlN, ionic bonds are more dominant and the values of the Poisson ratio (see Table III ) predicts that TlN exhibit ionic bonding.
The present value of the Young and shear moduli, Debye temperature, and average sound velocity are lower than other nitride of the III-group which shows that TlN is softer than other nitride of the III-group. The comparison of the Young modulus achieved by Shi [28] and our calculation, demonstrate that TlN is anticipated to be stiffer than our calculation. These differences could be due to lattice parameters from package 2D optimization (this package performed a convenient 2D structure optimization (volume and c/a, i.e. hexagonal space-group)). The previous analysis [29] on the elastic properties showed that modulus) are well correlated to a hyperbolic criterion to recognize the ductile to brittle properties for a large materials of cubic symmetry. This means that there is a correlation between ductility/brittleness property and metallic/covalent bonding [29] .
The analysis by Jamal et al. [30] were applied to hexagonal compounds and they seized the right results. However, we used this analysis for TlN and found that TlN is a ductile material and has ionic bond (Fig. 1). 3
There are three independent elastic constants C 11 , C 12 and C 44 for the cubic crystals. These elastic constants were calculated by cubic-elastic method [22] Tables IV and V . In these tables the previous theoretical data are also included for comparison. In order to ensure the reliability of our calculations, the following well-known Born elastic stability criteria [30] for the cubic systems [31] [32] [33] [34] [35] are surveyed for our calculated elastic constants:
The obtained elastic constants of TlN (ZB and RS) satisfy the above stability conditions, displaying that they are elastically stable in ZB and RS phases. Moreover, the elastic constants also satisfy the cubic stability condition, i.e. C 12 < B and C 11 > B. So, the values of elastic constants are reliable for TlN in ZB and RS phases.
By using the calculated elastic constants, other structural properties such as bulk modulus (B), the Voigt shear modulus (G V ), the Young modulus (Y ), shear constant (C ), the Cauchy pressure (C ), the Poisson ratio (ν), the Kleinman parameter (ξ), the Reuss shear modulus (G R ), the Hill shear modulus (G H ), anisotropy constant (A), and the Lame coefficients (λ and µ) are calculated. 
Also, average velocity (v m ), longitudinal velocity (v l ), transverse velocity (v t ), and the Debye temperature (θ D ) can also be attained by elastic constants and mass density. The terms are as follows:
where h is the Planck constant and n, N, ρ, M , and k B are the number of atoms in the molecule, the Avogadro number, mass density, molecular weight and the Boltzmann constant, respectively. The bulk modulus (B) and the Hill shear modulus (G H ) are significant parameters in recognizing the physical properties of materials. Bulk modulus (B), the Voigt shear modulus (G V ), the Reuss shear modulus (G R ), shear modulus (G H ), the Young modulus (Y ) and the Poisson ratio of TlN in ZB and RS phases have been calculated using GGA (PBE), GGA (WC), GGA (PBEsol), and LDA approximations, which are summarized in Tables IV and V. According to Table IV , we see that our results with LDA approximation (full potential) are in agreement with other results within the LDA approximation (pseudopotentials) [36] [37] [38] but our results with GGA approximations do not agree with other results. In GGA approximations, we can see that value of the C is negative (C < 0) and it shows that covalent bond is more dominating, but in LDA approximation the value of C is positive (C > 0) and it shows that ionic bond is more dominating which is in agreement with other results. But the value of C , using any of four approximations, is nearly zero. So we can conclude that bonding of TlN in ZB phase is covalent-ionic. In addition to C , we can consider the Poisson ratio (ν), the value of ν is much less than 0.25 (around 0.1) for a typical covalent compound, while it is nearly 0.25 or more for a typical ionic compound. According to Table IV , the values of ν using any of four approximations are around 0.25, so we can conclude that bond of TlN in ZB phase is covalent-ionic (similar to C ).
According to our results, the amount of b GH for different approximations is equal to 2.04 (GGA (PBE)), 2.13 (GGA (WC)), 2.08 (GGA (PBEsol)), and 2.24 (LDA) which shows that TlN in ZB phase is a ductile material, but LDA predicts that it is more ductile than GGA approximations. Also, by considering the Pugh modulus [29] in Fig. 1 , one can defer that TlN is a ductile material and bonds in TlN are covalent-ionic. The achieved value of the Young moduli, Debye temperature, and average sound velocity are lower than those of other nitrides of the III-group which shows that TlN in ZB phase is softer than other nitride of the III-group.
The dimensionless Kleinman parameter can be generally between 0 and 1 (0 ≤ ζ ≤ 1). The lower limit corresponds to the minimized bond bending term, while the upper limit corresponds to the minimized bond stretching term, as defined by Kleinman [39] . Such a large calculated value of the Kleinman parameter (see Table IV ) predicts that bonding nature in TlN (ZB) is dominated by the bond stretching term in comparison to the bond bending term.
The Lamé moduli are calculated using Eq. (23) for TlN. The results are included in Table IV . However, we have calculated the Lamé second modulus as µ = Y 2(1+υ) , our result verifies that it is nothing more than the Voigt shear modulus, viz. µ = G V (see Table IV ). The Lamé first modulus, λ, is related to a fraction of the Young modulus. For an isotropic system one can easily show that λ = C 12 and µ = C = (C 11 − C 12 )/2 = C 44 [40] . But, since the TlN is a strongly anisotropic compound (A =1 see Table IV ) so, µ = C 44 (see Table IV ).
According to Table V , we see that our results achieved by LDA and GGA approximations (using full potential) are in agreement with other results (using pseudopotentials) [19] . The value of C is positive ( Table V) which shows that bonds in TlN (RS) are ionic. According to Table V , we see that values of ν in four approximations are greater than 0.25, so we can conclude that the bonds of TlN in RS phase are ionic (similar C ).
According to our results, the amount of b GH for different approximations is equal to 2.0 (GGA (PBE)), 2.31 (GGA (WC)), 2.33 (GGA (PBEsol)), and 2.45 (LDA) which shows that TlN in RS phase is a ductile material. Also, considering the Pugh modulus [29] in Fig. 1 indicates that TlN in RS phase is a ductile material and its bonds are ionic. The achieved values of the Young moduli, the Debye temperature, and average sound velocity are lower than other nitrides of the III-group, which shows that TlN in RS phase is softer than other nitrides of the III-group. The calculated large value for the Kleinman parameter (see Table V) predicts that bonding nature in TlN (RS) is dominated by the bond stretching term in comparison to the bond bending term. The value of A parameter is around one (see Table V) , that shows TlN in RS phase is not strongly anisotropic and is almost isotropic, especially in GGA (PBE) approximation because µ ∼ = C 44 (see Table V ). Figure 2 shows the variations of elastic constants C ij and their aggregate bulk modulus with a hydrostatic pressure for ZB TlN. One obviously observes a linear dependence in all curves of this compound. Our results for the pressure derivatives Table VI . It is easy to observe that the elastic constants C 11 , C 21 and C 44 , as well as bulk modulus B exhibit a linearly increasing trend as pres-
∂C44
∂P is similar to other nitrides of the III-group) [36] . 
Electronic properties
Band structure
Electronic properties of TlN in three phases were investigated by calculating the energy band structure. Table VII shows the calculated band gap energies of TlN using GGA (PBE), LDA, mBJ-GGA, mBJ-LDA, EngelVosko and mBJ-LDA+SO approximations along some high symmetry directions of the Brillouin zone calculated at equilibrium volume. The band gap energies of TlN in WZ and ZB phases within mBJ-LDA+SO approximation were improved in comparison with other theoretical results. We calculated a direct band gap for TlN (ZB) about 0.09 eV and TlN (WZ) about 0.07 eV but TlN in RS phase shows metallic behavior (Fig. 3) . The effect of pressure on the band gap of TlN (ZB) was also investigated up to the first order phase transition pressure. The results are listed in Table VIII . It can be seen that the band gap of TlN (ZB) increases with increase of the pressure. As a rule, direct band gaps increase and indirect band gaps decrease with increase of the pressure [41] . 
Optical properties
Optical calculations are performed in the random phase approximation (RPA) by using WIEN2k code. Dielectric function (ε (ω) = ε 1 (ω) + i ε 2 (ω)) is a complex quantity that describes the linear response of the system to an electromagnetic radiation. The imaginary part of dielectric function is obtained by calculating momentum matrix elements between the occupied and unoccupied wave [43] :
where p is the momentum matrix element between α and β bands with the same crystal (ψ 
Considerable optical functions like the refraction index n(ω) and extinction coefficient k(ω) can be appraised by the following equations [44] [45] [46] :
Optical quantities of wurtzite phase were calculated in two directions: (i) when polarized electric field is parallel to c (E z), (ii) when polarized electrical field is perpendicular to c (E x). Figure 4 and 5 illustrate the real and imaginary parts of the dielectric function spectrum of TlN for a radiation up to 14 eV within GGA (PBE) and LDA approximations. According to Fig. 4a and Fig. 5 (imaginary part of dielectric function), we see that band gap energies are very small as it is evident also in Fig. 3 for TlN in wurtzite and zinc-blende phases by using GGA (PBE) and LDA approximations.
TABLE IX
The main peaks position [eV] of the imaginary part of dielectric function for TlN in three phases.
Ref. [ The main peaks in the spectra of imaginary part of dielectric function (Fig. 4a and Fig. 5 ) are given in Table IX which are in good agreement with other reports [9] . The static dielectric constants which are extracted from the diagram of ε 1 (ω) (Fig. 4b and Fig. 5 ) are summarized in Table X and are in good agreement with previous studies [9] and we see that the static dielectric constant of TlN is bigger than the other III-group nitrides [47] [48] [49] . The static refraction index (Eq. (27) and Fig. 6 ) of TlN in GGA (PBE) and LDA approximations are given in Table XI and we see that the refraction index of TlN is bigger than the other III-group nitrides [47] [48] [49] . 
TABLE XI
The static refraction for TlN in three phases within GGA (PBE) and LDA approximations. To check the macroscopic, microscopic, and optical properties of solids, the energy-loss function (L(ω)) is one of the most important quantity. The energy-loss function is proportional to the probability of energy loss (E) in a unit of length as an electron is moving through the environment and it is given by
The main peak in the energy-loss function is known as plasmon peak, which indicates the excitation volume charge density in crystals. The main peaks of energy-loss function for TlN are shown in Fig. 7 and their position are indicated in Table XII . Two other important quantities of optical properties are absorption coefficient and real part of the optical conductivity and they are calculated by using the following relations:
Reσ ij (ω) = ω 4π Imε ij (ω) .
Absorption coefficient depends on tow quantities, extinction index and imaginary part of the dielectric function. Absorption coefficients for TlN in three different phases are shown in Fig. 8 and the maxima of absorption Fig. 8 . The absorption coefficient of TlN in three phases within GGA (PBE) and LDA approximations and in two directions (E x) and (E z) for wurtzite phase. Fig. 9 . The real part of optical conductivity for TlN in three phases within GGA (PBE) and LDA approximations and in two directions (E x) and (E z) for wurtzite phase.
coefficients can be seen in Fig. 8 . Also, according to Eq. (31), we see that the real part of the optical conductivity is related to the imaginary part of dielectric function.
As it is clear in Fig. 9 the real part of the optical conductivity for TlN starts with a very small gap which indicate that the TlN has semiconductor properties (especially in two phases WZ and ZB).
Conclusion
In summary, we have performed ab initio calculations of structural, elastic, electronic, and optical properties of TlN in three different phases by using the FP-LAPW method. The results predict that TlN in WZ and ZB phases is semiconductor with a direct band gap while TlN in RS phase shows metallic behavior. Although TlN in three phases is ductile material, according to the Poisson ratio TlN in WZ and RS phases has ionic bond and in ZB phase has an ionic-covalent bond. The pressures at which the first order phase transitions occur were also estimated and compared with available data. Furthermore, the elastic constants, bulk modulus, shear modulus, the Young modulus, the Poisson ratio, Debye temperature, and sound velocities for longitudinal and transverse waves were calculated and they show that TlN is softer than other nitrides of the III-group. The variations of band gap energy, elastic constants and the bulk modulus of TlN (ZB) versus pressure were calculated and discussed and show that the band gap and elastic constant increase with increasing pressure. The optical parameters of TlN in three phases were also calculated and analyzed and imaginary part of the dielectric function show that TlN in WZ and ZB phases have almost semiconductor properties and TlN in RS phases has metallic properties. Also, real part of conductivity shows that TlN in WZ and ZB phase has semiconductor properties.
